Background: In renal cell carcinoma (RCC), angiopoietin (Ang) 2 is elevated at the time of progression on anti-vascular endothelial growth factor (VEGF) therapy and may contribute to resistance. Objective: We tested trebananib, an Ang 1 and 2 neutralizing peptibody in patients with RCC progressing on anti-VEGF treatment. Methods: Patients with measurable RCC progressing despite an anti-VEGF agent within 12 weeks, any number of prior treatments, and good PS were randomized to trebananib 15 mg/kg IV weekly without (Arm A) or with (Arm B) continuation of the prior anti-VEGF agent. The primary endpoint for each arm was tumor response (RECIST 1.1). Secondary endpoints included progression free survival and adverse events. 
INTRODUCTION
Angiogenesis through the vascular endothelial growth factor (VEGF) pathway is a hallmark of clear cell renal cell carcinoma (RCC). There are multiple agents targeting the VEGF receptor that improve outcomes in patients with metastatic RCC, including the tyrosine kinase inhibitors axitinib, lenvatinib, pazopanib, sorafenib, and sunitinib as well as the monoclonal antibody bevacizumab. Nonetheless, the development of clinical resistance to these agents is universal. Resistance to anti-VEGF therapy may develop from selection for or up-regulation of alternative pro-angiogenic pathways, recruitment of bone marrow derived vascular progenitors and pro-angiogenic monocytes, increased involvement of pericytes in blood vessel stability, and an increased capacity for vascular invasion [1] [2] [3] .
The angiopoietin-Tie signaling system is involved in normal vascular development and maintenance. Angiopoietin 1 (Ang1) and Angiopoietin 2 (Ang2) are ligands of Tie2, a receptor tyrosine kinase expressed on endothelial cells [4] . In RCC, the angiopoietin-Tie signaling system has been implicated as a potential mechanism of resistance to anti-VEGF agents. The expression of Ang2 is higher in RCC as compared to normal kidney and in RCC compared to other tumor types [5, 6] . In patients with advanced RCC, Ang2 is elevated at the time of progression on anti-VEGF therapy [5] . Thus, angiogenesis through the angiopoietin-Tie signaling system may contribute to acquired resistance in patients treated with VEGF pathway targeted agents. Moreover, Ang2 inhibition combined with VEGF receptor inhibition slows tumor progression in mouse models of RCC, [7] [8] [9] suggesting a possible benefit for the combination of VEGF and angiopoietin pathway inhibition in RCC.
Trebananib (AMG 386 ) is an investigational peptide-Fc fusion protein that sequesters both Ang1 and Ang2 and prevents their interaction with the Tie2 receptor. While no in vitro activity was seen in cell line studies with trebananib as a single agent, significant inhibition of tumor xenograft growth was observed in preclinical models [10] . As monotherapy, trebananib was well tolerated up to doses of 30 mg/kg weekly and evidence of an antiangiogenic effect was observed by dynamic contrast-enhanced magnetic resonance imaging [11] . Prior studies of trebananib in RCC confirmed the feasibility and safety of combining trebananib with sorafenib and sunitinib at clinically relevant doses, [12, 13] and demonstrated promising activity for the combination of trebananib and sunitinib in the first line treatment of patients with metastatic RCC [14] . As observed in ovarian cancer, [15] there is evidence that a dose of trebananib above 10 mg/kg may be more effective than lower doses when used in combination therapy in metastatic RCC [14] . In this study, we tested trebananib at a 15 mg/kg dose in patients with RCC that had progressed on anti-VEGF agents to test the hypothesis that potent inhibition of angiopoitin-Tie2 angiogenesis would be active in this setting. Additionally, we explored whether continued anti-VEGF inhibition with trebananib might result in a more effective regimen for future clinical development.
PATIENTS AND METHODS
This phase II study was sponsored by the National Cancer Institute and conducted by the California Cancer Consortium. Trebananib was provided through a Cooperative Research and Development Agreement between NCI Cancer Therapy Evaluation Program (CTEP) and Amgen. The institutional review board at each participating site approved the study protocol and written informed consent was obtained from each enrolled patient. The study was registered at www.clinicaltrials.gov with the identifier NCT01664182.
Patients
Eligible adult (age ≥ 18) patients with ECOG performance status 0-1 had histologically or cytologically confirmed renal cell carcinoma except medullary or collecting duct subtypes, RECIST 1.1 measurable disease, and documented radiologic or clinical progressive disease following at least one prior anti-VEGF regimen administered either as a single agent or in combination with other agents for at least 8 weeks. A prior anti-VEGF treatment regimen must have included bevacizumab, pazopanib, sorafenib or sunitinib administered not more than 12 weeks before study entry (intercurrent therapy with an mTOR inhibitor was allowed if progression on that treatment was observed within 12 weeks of the prior anti-VEGF therapy). There was no limit to number of prior therapies. Acceptable hematologic function was required as was a total bilirubin < institutional upper limits of normal, transaminases ≤2.5 X institutional upper limit of normal, PTT or apt ≤ upper limits of normal and INR ≤1.5, creatinine within normal institutional limits or creatinine clearance >40 mL/min per 24 h urine collection or calculated according to the Cockcroft-Gault formula, and urinary protein ≤100 mg/dL in urinalysis or ≤1+ on dipstick, unless quantitative protein is <1000 mg in a 24 h urine sample. Generally well-controlled blood pressure with systolic blood pressure ≤140 mmHg and diastolic blood pressure ≤90 mmHg was required prior to enrollment. The use of anti-hypertensive medications to control hypertension was permitted. For pre-treatment research biopsies, patients must have had a tumor site amenable to biopsy as determined by the treating investigator and willingness to consent to tumor biopsy for research purposes.
Patients were excluded if they were intolerant of prior treatment with bevacizumab, pazopanib, sorafenib, or sunitinib, had central nervous system metastases unless: (1) metastases had been treated and have remained controlled for at least two weeks following treatment, and (2) patient had no residual neurological dysfunction off corticosteroids for at least one week, had a history of venous or arterial thromboembolism within 12 months prior to enrollment/randomization, or history of clinically significant bleeding within 6 months of enrollment/randomization. Additional exclusion criteria included clinically significant cardiovascular disease within 12 months prior to enrollment/randomization, major surgery within 28 days prior to enrollment or still recovering from prior surgery, minor surgical procedures except placement of tunneled central venous access device within 3 days prior to enrollment, non-healing wound, ulcer (including gastrointestinal), or fracture. Patients receiving any medications or substances that are strong inhibitors or inducers of CYP450 3A4 were ineligible due to the potential for interaction with pazopoanib, sorafenib, or sunitinib.
Study procedures and treatment plan
Fresh tissue from biopsy was required of all patients. Patients were then randomized to treatment with trebananib monotherapy (Arm A) or trebananib plus bevacizumab, pazopanib, sorafenib, or sunitinib (Arm B). In both arms, trebananib was administered at a dose of 15 mg/kg intravenously once per week on an outpatient basis (Table 1) . Patients on Arm B continued their prior anti-VEGF agent in combination with trebananib. The bevacizumab dose was 10 mg/kg intravenously every 2 weeks. The standard doses of acceptable prior oral anti-VEGF kinase inhibitors were pazopanib 800 mg orally daily, sorafenib 400 mg orally twice per day, or sunitinib 50 mg daily for day 1-28 of each 42-day cycle. Up to two dose level dose reductions due to toxicity according to the prescribing information of these anti-VEGF kinase inhibitors were allowed prior to study entry. For the oral agents, patients were requested to maintain a medication diary during the study of each dose of medication. Cycle length in each arm was defined as 6 weeks.
Physical examination and laboratory tests were repeated within 72 hours of treatment on week 1, week 2, week 4 and then every 3 weeks (twice per cycle). Tumor measurements were repeated every 12 weeks (+/-7 days). At study entry, patients were required to have measureable disease according to the Response Evaluation Criteria in Solid Tumors (RECIST) guideline (version 1.1) [16] . All patients underwent radiographic evaluation and tumor measurements at baseline and then after every 2 cycles (every 12 weeks). Confirmatory scans were required at ≥4 weeks following initial documentation of an objective response. Overall response was graded according to RECIST v1.1. Overall complete response (CR) and partial response (PR) were considered objective responses. Toxicity was graded using the Common Terminology Criteria for Adverse Events (CTCAE) criteria, version 4.0. Treatment could continue until disease progression, intercurrent illness that prevented further administration of treatment, treatment delay of greater than 4 weeks for any reason, unacceptable adverse event(s), patient's decision to withdraw from the study, or general or specific changes in the patient's condition that rendered the patient unacceptable for further treatment in the judgment of the investigator.
Correlative studies
Research tumor biopsies were performed on all registered patients prior to treatment. Analysis of these specimens will be the subject of a separate report. Blood for correlatives was collected at baseline, prior to cycle 2, and prior to cycle 3. For pharmacodynamic correlative studies based on analysis of plasma, biomarker levels were multiplexed using bead suspension arrays and analyzed in duplicate using the Luminex xMAP® system (Luminex Corporation, Austin, Tx). Markers were grouped into three categories: markers of the angiopoietin-Tie2 pathway (Ang2, soluble 
Statistical analysis
This randomized phase II study was designed to assess efficacy of each arm. The primary endpoint in each treatment arm was overall tumor response rate (ORR) defined as the total number of efficacyevaluable patients who achieve a complete or partial response by RECIST 1.1 criteria. For the purposes of this study, any eligible patient who began therapy (and received any amount of the first dose of trebananib) was considered efficacy-evaluable. The secondary objectives were to evaluate progression free survival in each arm, and to evaluate the tolerance and toxicity of trebananib alone and in combination with continuation of the prior VEGF targeted agent.
For assessment of clinical outcome, we considered a 15% response rate as interesting enough to encourage future study. Both arms were evaluated separately using a Simon Optimum design with a maximum of 39 patients, an interim evaluation after 17 patients, and with alpha = 0.10 (when the response rate is ≤3%) and beta = 0.10 (when the response rate is 15%). With this design, if 0/17 or <2/39 patients experienced an objective response within each arm, this was taken as evidence that the response rate in that arm is less than 15%. Conversely, if 3 or more patients out of 39 experienced an objective response, that would be taken as evidence that the true response rate is greater than 3%. Secondary endpoints included progression free survival in each arm and the tolerance and toxicity of trebananib alone and in combination with continuation of the prior VEGF targeted regimen. Kaplan-Meier curves were constructed to summarize PFS in each arm.
For pharmacodynamic correlative studies of the plasma-based biomarkers, median, 25th percentile (lower quartile: Q 1 ) and 75th percentile (upper quartile: Q 3 ) were calculated for each biomarker in each arm at baseline, prior to cycle 2, and prior to cycle 3. The Wilcoxon Rank Sum test was used to compare the 2 arms in terms of the change in the biomarker levels prior to cycle 2 or prior to cycle 3: the ratio of the post-treatment levels divided by the baseline was tested. In these exploratory analyses, all p-values were two-sided and no attempt was made to control for multiple testing; the resulting p-values were regarded as additional descriptive statistics. Statistical analysis was performed using SAS version 9.4 software (SAS Institute, Inc., Cary, North Carolina).
RESULTS

Patient characteristics
Forty-one patients were enrolled and randomized from March 2013 through November 2015, 35 were eligible and started treatment (17 Arm A, 18 Arm B). One patient was retrospectively determined to be ineligible after enrollment; 5 randomized patients (1 on Arm A and 4 on Arm B) underwent biopsy but did not start treatment and are not included in the analysis of response and toxicity (Fig. 1) . The overall treated cohort was mostly male and white with excellent performance status and had a median age of 60 ( Table 2 ). The most common prior anti-VEGF agent was bevacizumab and the median time from prior anti-VEGF therapy was 28 days.
Antitumor activity
In the overall treated cohort, four patients died prior to documented progression and 27 progressed as their first event. In Arm A, 17 patients were enrolled. At the time of interim analysis, there were no responders and this arm was closed to further accrual. The best response of stable disease was observed in 5 patients (29%) and the median progression free survival was 2.7 (95% C.I. 2.3-4.7) months (Table 3 and Fig. 2 ). In the subgroup of 10 patients on Arm A who had received either prior sunitinib or prior pazopanib, there were no responses to trebananib monotherapy and the median PFS was 2.6 (95% C.I.
2.3-8.3) months.
In Arm B, there was a single response amongst 17 enrolled patients at the time of interim analysis. Given this low level of observed activity, we examined the PFS. The estimated median PFS in Arm B of 3.4 (95% C.I. 2.7-8.3) months did not support continued expansion of this study arm and the decision was made to close it to further accrual. One of these 17 patients was found to be ineligible retrospectively and thus removed from final analysis. During the time confirming and analyzing the preliminary estimate of PFS, two additional patients were enrolled onto Arm B. The final best overall response in Arm B was partial response in 2 patients (both treated with pazopanib + trebananib), with a median PFS of 5.2 (95% C.I. 2.7-10.8) months (Table 3 and Fig. 2 ). In the subgroup of 6 patients on Arm B who had received trebananib in combination with either sunitinib or pazopanib, there were 2 responses and the median PFS was 8.3 (95% C.I. 2.6-not reached) months.
Thirty-four patients are off treatment; 1 patient remains on treatment after 20 cycles (Arm B). Fourteen patients (82%) on Arm A and 12 (67%) on Arm B stopped treatment due to disease progression. Of those off treatment, a median of 2 cycles were administered (range: 1-25) on Arm A and a median of 3 cycles were administered on Arm B (range: 1-8).
Adverse events
The most common treatment related toxicities in both arms were generally mild and included fatigue, nausea, hyponatremia, and increased creatinine (Table 4) . Overall adverse events were numerically higher in Arm B. Edema is a known adverse event related to trebananib therapy, it was generally of low grade and more common in the combination arm. In Arm A, 6 of 17 treated patients (35%) experienced a grade 3 or higher adverse event attributed to trebananib. In Arm B, 10 of 18 patients (56%) experienced a grade 3 or higher adverse event attributed to combination treatment. The most common severe events were hypertension and dyspnea.
A possibly related unwitnessed fatal cardiac arrest occurred on Arm B.
Molecular correlates
Peripheral blood samples were available at baseline in 30 patients, prior to cycle 2 in 29 patients, and prior to cycle 3 in 20 patients. In both arms, the circulating level of Ang2 prior to both cycle 2 and cycle 3 had increased significantly from baseline (Supplementary Table 1 and Supplementary Figure 1) : p-value < 0.01 in both arms and at both timepoints (based on the Wilcoxon signed-rank test). Compared to pretreatment values, the VEGF ligands VEGF-A and PlGF tended to decrease in Arm A and stay the same or increase in Arm B. These differences between the two arms were significant for VEGF-A prior to cycle 3 (p = 0.046) and PlGF prior to cycle 2 (p = 0.029). Changes in markers of alternative pro-angiogenic pathways were similar between arms except for VCAM-1. The magnitude of increase was significantly higher in Arm B than in Arm A for VCAM-1 prior to cycle 3 (p = 0.046).
DISCUSSION
In this multicenter randomized phase II study, trebananib at 15 mg/kg was well tolerated but there was no evidence that trebananib could overcome resistance to anti-VEGF therapy either as monotherapy or in combination with continued anti-VEGF treatment given at a previously tolerated dose. Nonetheless, the results provide several insights into tumors that have progressed on prior anti-VEGF therapy. We speculated that targeting an alternative angiogenic pathway would result in subsequent response in tumors driven by that alternative pathway, but that the depth and duration of response might be enhanced by continuing to target VEGF signaling. Our negative results could potentially be explained by insufficient inhibition of the angiopoietin-Tie signaling by trebananib; however, trebananib at doses below those used in this study impacts tumor blood flow and permeability using dynamic contrast enhanced MRI [11] . We demonstrated pharmacodynamics effects of trebananib on serum Ang2 that are consistent with inhibition of angiopoietin-Tie signaling system. Other potential explanations for these results include the absence of angiopoietin-Tie signaling as a clinically important resistance mechanism to anti-VEGF therapy in RCC or a flawed clinical definition of anti-VEGF therapy resistance. That the angiopoietin-Tie signaling may be a mode of resistance to anti-VEGF therapy is inferred from studies demonstrating an elevation of Ang2 in nonresponders and at the time of clinical progression on anti-VEGF agents [5, 17, 18] . Preclinical studies suggest that the combination of angiopoietin-Tie and VEGF signaling inhibition has the potential to improve outcomes over anti-VEGF therapy alone in RCC and other tumor types [5, 7, 19] . Prior clinical studies of trebananib in RCC have evaluated the agent in combination with sorafenib and sunitinib in patients with previously untreated advanced RCC. In a randomized phase II study of trebananib 3 mg/kg and 10 mg/kg plus sorafenib in previously untreated patients with RCC, the response rates were numerically higher in the combination arms but there was no difference in PFS [13] . A phase II study tested sequential cohorts of 10 mg/kg and 15 mg/kg in combination with sunitinib in patients with untreated RCC. Confirmed objective response rate in both cohorts were promisingly high (58% and 63% respectively) with median PFS of 13.9 and 16.3 months. A phase Ib study of trebananib combined with sorafenib or sunitinib explored trebananib doses of 3 mg/kg and 10 mg/kg in a mixed cohort of untreated and previously treated patients with advanced RCC [12] . The efficacy in this mixed cohort early phase study was considered promising. To our knowledge, the study reported here is the first phase II study to systemically evaluate trebananib plus anti-VEGF therapy in previously treated RCC. We did not confirm that angiopoietin-Tie signaling is a clinically relevant resistance mechanism to anti-VEGF therapy in RCC. Future analysis of the pretreatment tumor biopsies performed as part of this study may provide further insights into angiogenic pathway signaling after anti-VEGF therapy.
In this study, anti-VEGF therapy resistance was defined by the enrollment criteria as progression of disease within the prior 12 weeks while receiving at least 8 weeks of treatment with an anti-VEGF agent. The overall response rates observed as monotherapy or in combination were disappointing; however, two of five patients treated with the combination of pazopanib and trebananib responded to therapy for 8 months and over 24 months respectively. These numbers are too small to make any conclusions about this combination and the study was not designed or powered as a direct comparison of the two arms. Nonetheless, response to re-targeting VEGF has frequently been observed in patients with advanced RCC, both with the use of alternative anti-VEGF agents [20, 21] and after retreatment with a previously given anti-VEGF agent [22] . Moreover, in advanced colorectal cancer there is a benefit of continuing anti-VEGF therapy while switching the backbone cytotoxic chemotherapy regimen upon progression on an anti-VEGF containing regimen [23] . Taken together, these results suggest that the phenotype of anti-VEGF therapy resistance may be transient and is strongly context dependent. This study is limited by its small size and heterogeneity of prior anti-VEGF targeted therapies included. It remains possible that the angiopoietinTie system is a relevant resistance mechanism in a small fraction of RCC tumors treated with anti-VEGF agents, which this study did not have the power to detect. It is likely that anti-VEGF resistance mechanisms are dependent on the spectrum of other targets inhibited by the anti-VEGF agent. Given the variety of anti-VEGF regimens used prior to entry in this study and small numbers, we cannot conclude that a particular anti-VEGF agent is more or less likely to induce angiogenesis through the angiopoietin-Tie system.
In conclusion, trebananib was not effective as monotherapy in patients with pre-treated RCC than had progressed on anti-VEGF therapy. Combination of trebananib with the prior anti-VEGF therapy was also insufficiently active in these patients to support further development. Further research is needed to understand the mechanisms of progression on anti-VEGF therapy in order to define effective combinations that overcome acquired resistance and improve treatment options for these patients.
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